Alternaria brassicae is a necrotrophic fungal pathogen capable of infecting most of the agriculturally important Brassica species. The mechanisms underlying invasion of A. brassicae and host responses are unknown. In the present study, we exploited the natural variation in Arabidopsis to understand the molecular and cellular mechanisms underlying resistance to A. brassicae. Using a subset of resistant (Ei-2, Ull2-3, Lz-0, and Cvi-0) and susceptible (Gre-0, Est-1, and Zdr1) accessions, we show that the susceptibility to A. brassicae is associated with higher ROS accumulation and cell death. Susceptibility to A. brassicae was reduced in the rboh (D, E and F) mutants that are incapable of producing ROS, suggesting that RBOH D, E and F may act as negative regulators of defence against this pathogen. Additionally, our data also supports the hypothesis that the Jasmonic acid (JA), Ethylene (ET) and Abscisic acid (ABA) signalling pathways positively contribute to resistance against necrotrophic pathogens. In summary, these results reveal the central role of ROS and cell death in the pathogenesis of A. brassicae and expand our understanding of plant-necrotroph interactions.
Introduction
Necrotrophic pathogens actively kill host tissues as they invade the host and obtain their nutrients from the dead tissues/cells. Pathogenesis of necrotrophs usually involves extensive necrosis and tissue maceration. This is in stark contrast to the biotrophic pathogens, which derive their nutrients from living host tissues. The infection processes, nature of secretory proteins and associated host defence responses vary significantly between biotrophs and necrotrophs. One of the key differences is how cell death in the host affects the pathogenesis of biotrophs and necrotrophs.
Cell death or Hypersensitive Reaction (HR)-induced cell death in the host effectively stops biotrophic infection and is considered a typical resistance response of the host plant species. Cell death confines biotrophs by limiting or cutting off the nutrient supply and restricting the pathogen growth. However, cell death can be successfully used by necrotrophs to proliferate within the host. Activation of cell death pathways has been shown to promote susceptibility to broad range necrotrophs such as Botrytis cinerea and Sclerotinia sclerotiorum (Govrin & Levine 2002; Ranjan et al., 2017; van Baarlen et al., 2007) .
A typical hypersensitive reaction is initiated by the generation of Reactive Oxygen Species (ROS) followed by localised cell death. Besides defense, ROS is produced by plants as by-products of many key processes such as respiration, primary metabolism, photosynthesis, and responses to abiotic stresses. Rapid production of ROS or oxidative burst is one of the earliest responses of plants to pathogen attacks. Various studies have shown the involvement of ROS in cell death (Van Breusegem & Dat 2006) . H 2 O 2 , a versatile reactive oxygen species, has multiple functions in plant-pathogen interactions. In addition to a direct antimicrobial effect, it also triggers cell wall cross-linking, induces resistance gene expression and hypersensitive response (Shetty et al., 2008) . The rapid accumulation of ROS, cell death and callose deposition correlate with disease resistance in many biotrophic and hemibiotrophic pathosystems (Marino et al., 2012; Rate & Greenberg 2001) . The necrotrophic pathogens, in contrast, thrive on the cell death caused by excessive ROS production during the recognition phase. Earlier studies have shown the importance of pathogen-responsive host H 2 O 2 in promoting cell death in the host thereby causing expansion of disease lesions to facilitate necrotrophic fungal infection (Govrin & Levine 2000) . Williams et al., (2011) showed that oxalic acid produced by S. sclerotiorum induces host ROS in compatible interactions. The role of ROS in facilitating infection is therefore seemingly contradictory and depends on the pathogen's lifestyle. However, the mechanisms involving the spatiotemporal control of ROS metabolism during plant-pathogen interactions are largely unknown.
Resistance to necrotrophic pathogens is based on defence responses regulated by jasmonic acid (JA) and ethylene (ET) signalling pathways (Glazebrook 2005) , production of antimicrobial metabolites (Ferrari et al., 2003; Glawischnig et al., 2004) , scavenging ROS (Wolpert et al., 2002) , and control of cell death (Govrin & Levine 2002) . However, the current paradigms of the role of ROS-induced cell death in plant-necrotroph interactions are largely derived from studies on archetypical broad host range necrotrophic pathogens such as B. cinerea and S. sclerotiorum. Whether these paradigms extend to all necrotrophic pathogens is still unknown.
Alternaria brassicae is a necrotrophic pathogen with an intermediate host range, infecting almost all species within the Brassicaceae family and causes Black leaf spot, a major fungal disease in oilseed mustard. In the absence of any strong genetic resistance identified so far in the Brassicas, insight into the plant-pathogen interactions and host resistance mechanism are very limited. Recently, we established the Arabidopsis-A. brassicae pathosystem in our lab. The interaction and disease responses in the model pathosystem appear to be closely resembling the natural host Brassica juncea-A. brassicae interaction (Mandal et al., 2018) . Variation in the response of a set of natural Arabidopsis accessions to A. brassicae was observed. Furthermore, conventional and association mapping approaches revealed that the variation in resistance to A. brassicae in Arabidopsis accessions was quantitative and possibly orchestrated by multiple genes (Rajarammohan et al., 2017; Rajarammohan et al., 2018) . The molecular mechanism by which the accessions resist infection by A. brassicae is still elusive. Therefore, the main goal of this work was to study the molecular and cellular mechanisms underpinning Arabidopsis-A. brassicae interaction by exploiting the subset of resistant and susceptible accessions available to us. We show that natural variation in resistance to A. brassicae, a necrotrophic pathogen, correlates to differential ROS accumulation and associated cell death. Additionally, the phytohormones viz. JA, ET and ABA (abscisic acid) were found to positively contribute to resistance.
Methods

Plant materials and growth conditions
Seeds of Arabidopsis thaliana accessions were obtained from the Nottingham Arabidopsis Stock Centre (NASC) : Cvi-0, Ei-2, Est-1, Gre-0, Lz-0, Ull2-3, and Zdr-1. The mutants rbohD (CS9555), rbohE (SALK_146126C), rbohF (CS9557) and Col-0 (Wild type) were obtained from Arabidopsis Biological Resource Centre (ABRC). The mutants were confirmed homozygous lines, however we independently confirmed the homozygosity of the mutants ( Supplementary Fig. 4 ). Seeds were surface sterilised, stratified at 4 °C in the dark for two days, and plated on Murashige Skoog (Titan Media) for ten days under short day condition (10 h light/14 h dark). Ten-day old seedlings were thereafter transferred to 3-inch pots containing autoclaved soilrite mix (1 soilrite: 1 vermiculite: 1 perlite) and grown under short-day conditions at 22 °C and 60-80% relative humidity. 5-6 weeks old plants having approximately 8-10 well expanded true leaves were used for infection.
Alternaria brassicae growth condition and infection assay
The A. brassicae J 3 isolate used was originally isolated from the infected B. juncea grown in Delhi, India, purified by single spore isolation, and maintained on Radish Root Sucrose Agar (RRSA, pH 7.0) medium at 22 o C under a 12 h light/dark cycle. For plant infections, conidia were harvested from two-week-old A. brassicae cultures. Spore concentration was adjusted to 10 3 -10 4 conidia ml -1 . The plants were infected using drop inoculation method by placing four drops of 5 µl spore suspension on each leaf. Six to eight leaves were infected per plant. Inoculated plants were covered with perspex domes and placed in infection chambers to ensure 90% humidity under short day condition. Infection phenotypes were assessed, based on number of necrotic lesions formed, using a previously described Disease Index (DI) score (Rajarammohan et al., 2017) . The samples for microscopic analysis were collected at 24, 48, 72 and 96 hours post infection (hpi).
Hydrogen peroxide (H 2 O 2 ) detection by 3-3' Diaminobenzidine (DAB) staining
Detection of H 2 O 2 was performed using a protocol modified from Thordal-Christensen et al., (1997) . Briefly, infected whole leaf samples were collected at different time points post inoculation and placed in a 24-well microtiter plate filled with 400-600 μ l of 3-3'Diaminobenzidine (DAB) solution (1 mg/ml in water). The volume of the DAB solution used was adjusted to ensure that leaves were completely immersed. A gentle vacuum was applied to ensure that DAB infiltrated into the leaves. The plates were covered with aluminium foil and placed in an incubator at 22 °C for three hours. Following the incubation period, the leaves were transferred into 50 ml centrifuge tube and de-stained in ethanol: acetic acid solution [3:1 (v/v)] overnight.
To calculate the area of H 2 O 2 spread, 96 hpi stained leaf samples were observed under Olympus SZX10, and the area measured using the inbuilt program ProgRes® capture Pro2.7 JENOTPIK Laser. Collected image data sets of rbohD, E and F mutants and Col-0 (WT) were subsequently analysed with the digital image analysis programs ImageJ for DAB staining (H 2 O 2 accumulation).
Trypan blue staining to determine fungal growth and detection of cell death
To evaluate the extent of fungal spread, penetration structures and plant cell death, pathogen-infected leaves were stained with lactophenol-trypan blue. Infected leaf samples were collected in 50 ml tubes, at different times post inoculation and an adequate volume of lactophenol-trypan blue solution (equal volume of lactic acid: glycerol: phenol: water) was added. The tubes were placed in a boiling water bath for one minute, and then the staining solution was replaced with chloral hydrate (1 g/ml) for clearing the samples (Bartsch et al., 2006) . Chloral hydrate solution was changed twice every 24 hours.
The area of cell death was analysed using the same methodology as carried out above for calculating area of H 2 O 2 spread.
RNA isolation and transcript analysis
Total RNA was extracted from 6-8 leaves collected from six plants of each genotype in each experiment using the RNeasy plant mini kit according to the manufacturer's recommendation (Qiagen, Gaithersburg, MD, U.S.A.). First-strand cDNA was synthesised from 1 µg of total RNA using MMLV Reverse Transcriptase 1st-Strand cDNA Synthesis Kit (Epicentre Biotechnologies, Madison, USA) as per manufacturer's protocol. PCRs were carried out using the standard setting in a QuantStudio 6 Flex Real-Time PCR System (ThermoFisher Scientific, Waltham, MA, U.S.A.). The mean cycle threshold (Ct) values of the genes were calculated from replicate wells. The mean Ct values of the target genes were normalised to the Ct values of the endogenous controls (TIP41-like gene-At4g34270 and UBC8-At5g41700) for each sample. Further, to calculate the relative expression levels, the dCt values of the infected samples were normalised to the mock (distilled water) inoculated samples of each time point. These values from the three individual biological experiments were subjected to data standardisation and compared using a described method (Willems et al., 2008) . Sequences of primers used in qPCR have been listed in Supplementary Table S5 .
Results
Differential response of Arabidopsis accessions to Alternaria brassicae infection
Rajarammohan et al., 2017 reported a huge variation in the response of different Arabidopsis accessions to Alternaria brassicae infection, varying from highly susceptible to highly resistant. To understand the cellular and molecular basis of the observed differential responses, a subset of resistant (Ei-2, Ull2-3, Lz-0 and Cvi-0) and susceptible (Zdr-1, Gre-0 and Est-1) accessions were selected for detailed analysis. Although the Disease Index (DI) for each of the susceptible accessions, calculated based on the number of necrotic lesions developed per leaf, was similar, the lesion growth rate in each accession showed considerable differences. In Zdr-1, the highly susceptible accession, the lesions spread to an average diameter of 0.41 cm and were associated with chlorotic halos around them. By 7 dpi, the lesions expanded and coalesced to cover the entire leaf surface resulting in a total collapse of the infected leaves. In other susceptible accessions, Est-1 and Gre-0, necrotic lesions were associated with chlorosis but did not expand enough to coalesce at the end of 7 days. As shown in Fig. 1 , the susceptible accession develops spreading lesions with a size ranging from 0.33-0.41cm. In contrast, the resistant accessions Ei-2, Ull2-3, Lz-0 and Cv-8 had a lower DI, with only 1-2 infection sites developing into pinpoint (limited) lesions by 7dpi ( Table 1 & Fig. 1 ). Although the disease was scored at 7 dpi, water-soaked lesions start appearing in the accessions as early as 3 dpi. Therefore, the initial time points of 24 hpi, 48 hpi, 72 hpi, and 96 hpi were used for the microscopic analysis of host responses. 
Comparable spore germination and penetration on resistant and susceptible accessions
Chemical and physical barriers at the host surface form the first layer of defence and could either inhibit or delay spore germination or fungal penetration. To determine the role (if any) of the first layer of defence in disease resistance against A. brassicae we compared spore germination efficiency and frequency of penetration by A. brassicae on both resistant and susceptible accessions. No significant difference was observed in the spore germination or fungal penetration efficiency in the two contrasting subsets. Spore germination initiated on both the susceptible and resistant accessions within 6 hpi ( Fig. 2a & a'; Fig. 2b & b' ) and by 24 hpi more than 90% of the spores had germinated. All the cells in the conidiophore were equally competent to germinate and, in several instances, multiple (3-4) hyphae emerged from the same conidia ( Fig. 2a ). At 24 hpi multiple, thick-branched hyphae showing dichotomous branching pattern were observed over the host surface ( Fig. 2c & c' ). Over multiple experiments, the spore germination efficiency was >99% on both resistant and susceptible accessions ( Supplementary Table S1 ). Following germination, A. brassicae invades the host tissue by developing Appressoria Like swollen, globular Structures (ALS) at the hyphal apices. Similar Appressoria like structures were also observed when the fungus invaded its natural host B. juncea (Mandal et al., 2018) . Fungal penetration attempts could be observed in all accessions ( Supplementary Table S2 ). In more than 90% of the cases, host penetration occurred through the stomatal openings ( Fig. 2d & d' ).
Accelerated ROS accumulation and augmented cell death correlates with susceptibility
Typical host responses to pathogen invasion include a short oxidative burst followed by cell death. Therefore, we compared the early responses of the resistant and susceptible Arabidopsis accessions to A. brassicae with an emphasis on i) accumulation of H 2 O 2 ii) spread of cell death.
During the early phases of infection, in a fraction of fungal penetration sites, the guard cells, adjoining epidermal cells and a small number of underlying mesophyll cells showed ROS accumulation suggestive of activation of host defence response. In the susceptible accessions the number of penetration sites associated with ROS production were marginally more than the resistant accessions. Quantitative analysis of the number of penetration sites associated with ROS accumulation as a factor of time revealed a greater increase in the number of such sites in the susceptible accessions as compared to the resistant accessions ( Fig. 3c ). Most significant difference was observed at 96 hpi where larger patches of DABstained cells were commonly observed at the spore inoculation site in the susceptible accessions while in the resistant accessions the expression of DAB was restricted to a few smaller and scattered patches (Fig. 3a, 3b, Supplementary Figure 1, and Table S3 ). The spread of ROS was measured by quantifying the area stained by DAB. Besides ROS, cell death was also observed at the inoculation site in the susceptible and resistant accessions. At the site of stomatal penetration (24 hpi), cell death was observed only in single epidermal cells, and by 48 hpi, the cell death was induced in the underlying mesophyll cells as well. A quantitative analysis of penetration-associated cell death was carried out temporally. During the initial time point, i.e. 24 hpi, cell death was seen in a small number of penetration sites in the susceptible accessions whereas none was observed in the resistant accessions. As time progressed, the number of penetration site associated with cell death also increased ( Fig. 4a & c) . Massive cell death was seen at 72 and 96 hpi as trypan blue stained, collapsed mesophyll cells ( Fig. 4a; Supplementary Fig. 2) . The spread of cell death as measured by the area of trypan blue staining was significantly different between the resistant and susceptible subsets ( Fig. 4b , Supplementary Table S3 ). 
Role of ROS in Alternaria brassicae-Arabidopsis interactions
To further investigate the role of ROS in the pathogenesis of A. brassicae we tested mutants of some of the known Respiratory Burst Oxidase Homologs (RBOHs) for their response to A. brassicae infection. Plasma membrane-bound NADPH oxidases (RBOHD and F) and cell wall peroxidases are considered as main sources of an oxidative burst in the apoplast (Sagi & Fluhr 2006) . The homozygous T-DNA knockout mutant lines for rbohD (CS9555), E (SALK_146126C) and F (CS9557) showed highly reduced fungal establishment, as the lesions formed at 7dpi were fewer and smaller in size as compared to Col-0 ( Fig. 5a ; Supplementary Table S4 ). Interestingly, rbohE displayed the highest resistance of all the mutants tested (Fig. 5a ). In addition to the reduced accumulation of H 2 O 2 , the mutants also displayed a reduced cell death compared with the wild type plants after inoculation with the A. brassicae spores (Fig. 5b & c ; Supplementary Table S4 ). To further analyse the role of RBOHs, we determined the expression levels of RBOHD, E and F, upon infection in both resistant (Ei-2) and susceptible (Zdr-1) accessions. During the interaction with A. brassicae, all the genes were induced, and their expression level was generally higher in the resistant accession as compared to the susceptible one at 48 hpi. RBOHE expression, however, exhibited a delayed upregulation with stronger expression at 4 dpi ( Supplementary Fig. 3 ).
JA and ET signalling pathways contribute to resistance against A. brassicae
Apart from cytological analysis, to further dissect the resistance mechanism in the selected Arabidopsis accessions we analysed the expression profile of an array of defence signalling pathways upon A. brassicae infection. It is well established that pathogen invasion triggers the accumulation of several signalling molecules like salicylic acid (SA), jasmonic acid or ethylene (JA/ET) which in turn alter the expression of several defence genes. Here, we analysed the changes in expression for genes involved in either synthesis of the signalling molecules or those involved in downstream signalling in the two representative accessions, i.e. Ei-2 (resistant) and Zdr-1 (susceptible). Plants infected with A. brassicae or mock treated were sampled at2 and 4 dpi. Gene expression analysis using quantitative RT-PCR revealed that the JA and ET inducible marker, PDF1.2 was highly upregulated at 2 dpi in Ei-2 (Resistant) as compared to Zdr-1 (Susceptible). Whereas the SA responsive gene, PR1 was highly upregulated in Zdr-1 at 2 dpi as compared to Ei-2 ( Fig. 6 ; Supplementary Table S6 ).
Figure 6 Summary of defence gene expression in susceptible and resistant accession of
Arabidopsis thaliana after inoculation with Alternaria brassicae. Leaves of 5-6 week-old plants of Ei-2 (resistant) and Zdr-1 (susceptible) were inoculated with A. brassicae and harvested at different times after inoculation (2 and 4 dpi). The expression values of various genes were determined by qPCR and represented as heatmaps overlaid onto the different phytohormonal pathways. Details of expression analysis are given in Material and Methods and the fold change values are given in Supplementary Table S6 Additionally, LOX2 and ACS2 genes, which are involved in the JA and ET biosynthesis pathways, displayed a stronger upregulation in the resistant accession as compared to the susceptible accession. This is consistent with previous reports, which have observed a major positive contribution of JA and ET pathways in defence against necrotrophs (Glazebrook 2005 ; Thomma et al., 1998; Tsuda et al., 2009 ). However, we did not observe any significant antagonism of the SA pathway by JA in the resistant accession, Ei-2. The SA pathway genes such as EDS1 and ICS1 were significantly upregulated in both the accessions at 2 dpi but the quantum of upregulation was higher in the resistant one. Nevertheless, PR1 was significantly more upregulated in the susceptible accession as compared to the resistant accession at both 2 and 4 dpi. ABA, another phytohormone, has been attributed positive and negative regulatory functions depending on the pathosystem analysed. We analysed the expression levels of three known genes in the ABA pathway viz. NCED3, RCAR11 and ABI5. NCED3, associated with ABA synthesis was upregulated strongly by 4 dpi in the resistant accession Ei-2, and was downregulated in the susceptible accession Zdr-1 ( Fig. 6 ; Supplementary Table S6 ).
Discussion
Our previous study investigating the interaction between Arabidopsis and Alternaria brassicae suggests the involvement of multiple mechanisms conferring resistance against the necrotrophic fungus (Rajarammohan et al., 2018) . The differential response of Arabidopsis accessions to A. brassicae infection provides an excellent handle to address some of the fundamental questions in A. brassicae host interactions. The main goal of this work was to study the cellular and molecular intricacies of Arabidopsis thaliana -A. brassicae interaction. Thus, a total of seven Arabidopsis accessions originating from different geographic origins, responding differentially to A. brassicae infection were selected for a comparative histological and molecular analysis.
Preformed defences consisting of epicuticular waxes, antimicrobial compounds on plant surface may contribute to the differential phenotypes observed in response to A. brassicae infection. A positive correlation between the epicuticular waxes and resistance against A. brassicae in Brassicas has been reported earlier (Saharan et al., 2016) . Epicuticular waxes reduce spore adhesion and spore germination in the resistant cultivars. Moreover, stomatal aperture and number of stomata appear to be contributing factors to the tolerance of A. brassicae in Brassicas. In Arabidopsis-A. brassicae interaction, no distinctive differences in the initial spore germination, germ-tube formation, and penetration were observed between the resistant and susceptible accessions suggesting that the basis of enhanced tolerance of Ei-2, Ull2-3, Cv8 and Lz-0 accessions does not reside in the early pre-penetration stages of hostpathogen interaction.
Generation of ROS has been shown to be facilitating pathogenesis of necrotrophs. In our study, we observed a small proportion of penetration sites associated with H 2 O 2 accumulation in both resistant and susceptible accessions. As the infection progressed, massive accumulation of H 2 O 2 was observed in large patches of epidermal as well as mesophyll cells in the susceptible accessions. Similar patterns were observed for the associated cell death in resistant and susceptible accessions. Therefore, we postulated that the induction of ROS and the associated cell death induced by A. brassicae might be essential for its establishment and may require host NADPH oxidases. The Arabidopsis genome encodes at least 10 RBOH genes of which RBOHD, E, and F have been reported to be pathogeninducible. Analysis of rbohD, E and F mutants and wild-type (Col-0) revealed that the mutants produced lesser amounts of ROS upon pathogen challenge. The mutants displayed lower morbidity (rbohE>rbohF>rbohD>Col-0) and also had smaller patches of dead cells as compared to wild type (Col-0) (Fig. 5 ). This is in concordance with the recent study by Ranjan et al., 2017 , which showed that the pathogenic invasion of S. sclerotiorum requires the host RBOHs and the silencing of a specific RBOH in soybean led to enhanced resistance against the pathogen. In addition to host generated ROS, A. brassicae is also known to produce ROS at the penetrating hyphal tips (Mandal et al., 2018) . The role of pathogenproduced ROS in the Arabidopsis-A. brassicae pathosystem needs to be addressed, given the various studies that show the importance of pathogen-produced ROS in development of infection structures and host penetration (Foley et al., 2016; Samalova et al., 2014; Segmuller et al., 2008; Shetty et al., 2007; Tiedemann 1997) .
In order to understand the signalling mechanisms underlying defence against A. brassicae, we examined the expression profiles of genes belonging to various phytohormonal signalling pathways in response to infection. The phytohormones salicylic acid (SA), jasmonic acid (JA), ethylene (ET) comprise a complex set of hormone signalling pathways that lead to the regulation of resistance in plants against necrotrophic pathogens. We examined genes relating to biosynthesis, signalling and downstream targets of each of the phytohormones. We found that the JA and ET pathways were strongly upregulated in the resistant accession as compared to the susceptible one. This is in line with previous reports of plant defence against necrotrophic pathogens wherein resistance is conferred by JA/ET signalling pathways (Glazebrook J 2005; Mengiste 2012; Thomma et al., 2001; van Kan 2006) . Abscisic acid (ABA) is known to inhibit the pathogen-mediated SA response (Mazumder et al., 2013) and NCED3, a key biosynthetic enzyme in the ABA pathway was strongly upregulated in the resistant accession Ei-2, and was downregulated in the susceptible accession Zdr-1. Also, it is well established that ABA induces closure of stomata. Stomata have been shown to be the major penetration site of A. brassicae in our previous study (Mandal et al., 2018) . Therefore, ABA might have an important role in defence against A. brassicae. ROS generated by the NADPH oxidases is known to act both upstream and downstream of the SA signalling pathway and levels of SA modulate ROS homeostasis, whereas JA is known to be involved in inhibiting ROS production at later stages and thus contributing to lesion containment (Overmyer et al., 2003) . Though the current study shows a definitive link between ROS, associated cell death and susceptibility to A. brassicae, the exact mechanism of how ROS induces cell death is not known. Detailed genetic analysis of the interaction of ROS and the phytohormonal pathways would lead to a deeper understanding of the mechanism of ROS mediated susceptibility.
In conclusion, this study reveals the central role of ROS and cell death in the Arabidopsis-A. brassicae interaction. The increased accumulation of ROS and associated cell death led to an increase in susceptibility. Expression profiling of hormonal signalling pathways suggests a positive role for JA, ET, and ABA in resistance to A. brassicae. The interaction of ROS with the phytohormonal pathways and the balance between them may serve to fine-tune the defence response against A. brassicae.
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